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Abstract — The system architecting process is the hierarchical 
reduction of ambiguity associated with user needs and system 
design.  Design allocation, and subsequent integration, implicitly 
requires a mechanism by which levels of detail can be added and 
removed from a decision scenario.  This paper addresses the idea 
of engineering model sharing through the concept of vertical and 
horizontal extensibility as one mechanism by which hierarchical 
reduction in ambiguity can be facilitated.  Extensible modeling 
introduces a systems architecting approach to the modeling 
community by identifying model interfaces and carefully 
decomposing the model domain.  While the actual system 
hardware is not known at the time of initial design, performance 
sensitivities can be explored and formally communicated back to 
the system architect by determining membership in a fuzzy 
performance metric such as an architectural safety factor.  This 
paper uses a notional vehicle mounted wireless communication 
system to illustrate the importance of considering environmental 
coupling variables through the use of extensible modeling and 
illustrates how fuzzy thinking can communicate the sensitivity of 
a system design. 
  
Keywords-modeling; architecture; extensible; ambiguity; 
sensitivity 
I.  INTRODUCTION 
There is a natural disconnect between the detail design 
community and the high-level architecture design community.  
This difference is consistent with a bottom-up versus top-down 
design engineering perspective.  The bottom-up approach 
assumes the existence of defined system requirements or 
known boundary conditions.  In terms of fuzziness, the detail 
design community is used to working with crisp set definitions 
rather than the ambiguity that characterizes most system 
architecting activities.  The top-down approach typically 
tolerates much greater fuzziness in the design space.  
Ambiguities in the evaluations of system design alternatives at 
high levels often treat system components as severable, or fully 
independent, when in fact there are often coupling variables 
that exist between system components and between the system 
and its environment. 
Several issues complicate the analysis of coupling 
variables.  The variables are often communicated in discrete 
value form, so a fuzzy evaluation method is required to 
translate a single discrete value into meaningful feedback for 
architectural search.  Whether or not they are included in the 
architectural model, coupling variables need to be identified to 
qualify the assumptions made therein.  These variables take 
numerous forms and consequently, there are many specialized 
software tools written to address their specific behavior.  The 
question for the system architect is one of leveraging these 
sophisticated solvers by communicating design information 
between analyses at various levels of detail.  This paper 
explores the applicability and use of detailed physics-based 
design modeling software in adding fidelity to architectural 
search and in the evaluation of alternatives. 
II. THE CASE FOR EXTENSIBLE MODELING 
System modeling is a set of activities that take place at 
many levels and address many areas of interest.  The 
fundamental problem is that most of these modeling activities 
are disjointed and employ an assumption of severability that 
may not be valid.  Certainly there are modeling frameworks 
such as the Systems Modeling Language (SysML) that attempt 
to add traceability between structural, behavioral, and 
requirements models and their associated equations of motion 
(parametric models).  Unfortunately, the parametric diagram 
(par) type often relies on performance equations that fail to 
consider complexity in system coupling variables.  Detailed 
modeling is capable of illuminating these coupling variables 
and describing the magnitude of their impacts.  References 
[1,2] provide some example of this in the hierarchical analysis 
process through the concept of composable objects (COBs).  
Several examples are provided to illustrate multi-representation 
model driven design in SysML.  Solution Method Models and 
Analysis Building Blocks facilitate system independent 
analysis by decomposing a Context-Based Analysis Model into 
basic physical interactions.  This modeling framework provides 
a good starting point for the full expansion of extensible 
modeling. 
The software development community defines extensibility 
as an architectural principle that enables extensions or 
expansions to an application without impacting existing 
implementations.  The idea of extensible modeling is one that 
would allow system architects and designers at every level to 
communicate their knowledge and ideas to the extent that is 
appropriate for the analyses being undertaken there.  Currently 
there are myriad modeling techniques and software packages at 
every level of detail.  Each technique serves its purpose well 
and provides abstractions customized for the target user.  There 
is great value to be had by linking these independent modeling 
tools in a flexible manner.  The goal is not to produce a 
universal modeling environment to serve all types of analyses 
and for all levels of resolution.  Instead, the intent is to identify 
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the opportunity for interfaces between independent models 
based on the presence of common variables and careful 
modeling domain decomposition.  In a fully integrated 
modeling environment, both peer and hierarchical modeling 
activities leverage the value provided by any given model.  In 
[3], one finds an advocate of a similar concept in what is called 
multiresolution modeling and families of models. 
III. EXTENSIBLE MODELING 
Consider the defense modeling hierarchy shown in Fig. 1.  
The implication is that models can be grouped according to the 
level of resolution involved in the analysis.  Expression of 
model grouping through hierarchy implies an interface between 
the levels.  If engineering models serve as the basis for detailed 
design, their value should be leveraged in Engagement models 
to add fidelity without requiring recalculation of detailed 
design values.  The beneficial impacts of this type of model 
extensibility with respect to system integration and mission 
planning are demonstrated in [4]. 
Now consider the Vee process model of system 
development.  The descending leg of the Vee describes the 
activities required to decompose a system concept to the 
detailed design phase.  The ascending leg represents the 
integration process that ultimately yields a deliverable product.  
Concurrent with integration are the verification, validation, and 
testing efforts to ensure that the embodiment of the design 
shows traceability to the appropriate allocated performance and 
ultimately to the original customer need.  During system 
architecting, the need itself may contain significant ambiguity. 
This brings us to the idea of extensible modeling for 
architectural search.  Consider a reformulation of the 
hierarchical representation of modeling activity from the 
pyramidal structure to a Vee model.  Similar to the systems 
engineering design Vee, the modeling process begins with a 
high-level system concept and progresses through a 
decomposition process whereby increasing fidelity is added to 
the analysis.  Increased fidelity means reduced ambiguity 
whether the associated assumptions are valid or not.  The 
benefit is that each level of decomposition incorporates new 
interaction variables that add to the complexity of the system 
concept under consideration. 
 
 
Figure 1.  Multiresolution modeling hierarchy. 
Engineers familiar with design using detailed design 
packages at the bottom of the Vee might question how these 
tools can be used to add value to a still fuzzy concept of system 
architecture.  The key lies in the analysis method. 
Traditionally, this level of modeling is deterministic and 
focuses on design optimization relative to a set of well defined 
allocated requirements.  Consider instead an implementation 
whereby the engineer incorporates principles of complexity 
theory and fuzzy logic.  Applying complexity theory, one can 
perform a search for stable attractors, fractal behavior, or 
performance trends, and assess the impact of the coupling 
variables considered at that level.  Randomizing parameter 
values and reevaluating the model can estimate the magnitude 
of design sensitivities.  This sensitivity can be reflected as 
performance ranges in higher-level models.  In this way, the 
analysis works its way up the ascending leg of model 
integration.  At each level, a comparative analysis is performed 
between the assumptions of the decomposition and the realities 
of the integration.  Fig. 2 presents a reformulation of the 
multiresolution modeling in Vee process form.  This 
reformulation is enabled by the extensible modeling concept. 
For system architecting activities, one might view the 
reintegration activities as a feedback mechanism between the 
detail design model and the high level architectural model.  
This is illustrated in Fig. 3. 
 
 




Figure 3.  Extensible modeling with feedback for architectural search. 
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It has been stated that the decomposition of the model to 
incorporate specific design assumptions necessarily reduces the 
architectural ambiguity.  At the time of concept evaluation, the 
decomposition through extensible modeling is only 
experimental.  Notional design choices are made and 
decomposed.  In this way, each successive level of model 
resolution receives an inherently uncertain input.  By the time 
the decomposition of the system architecture reaches the 
detailed design level, the model outputs will be in the form of 
crisp set data.  This crisp set data is only valid if the actual 
system architecture is designed as assumed.  The real value of 
this data lies in the magnitude of their deviation from predicted 
nominal values at the system level.  By associating this 
deviation with a fuzzy range to account for variations in the 
actual design process, one can map the design choice impacts 
to a safety factor to be applied to the final design.  The 
following section illustrates these ideas by example. 
IV. AN EXAMPLE OF EXTENSIBLE MODELING 
In order to illustrate the significant benefit of using an 
extensible modeling paradigm in system architecting, consider 
the following notional customer need statement: 
A capability gap has been identified that can be addressed 
by integrating a peer-to-peer wireless communication 
system on a fleet of existing ground vehicles.  These 
vehicles are free moving and must be able to exchange 
data from a distance of up to 1 km. 
While this need statement leaves a lot of questions 
unanswered, it will suffice for this example.  From the need 
description and interactions with the customer, the system 
architect has identified the following system attributes: 
• Transmission will involve a radio frequency (RF) 
wireless solution  
• Omni-directional functionality is required since 
vehicles are free moving and position is unknown 
• Data transfer must occur for link distances ≤ 1 km 
Given the assumed architectural attributes, the system 
engineer may evaluate design feasibility in the trade space 
between transmitter power, antenna gain, and receiver 
sensitivity through constraints such as the two-ray (1) and free 















Pr power received 
Pt power transmitted 
Gr gain of receive antenna 
Gt gain of transmitter antenna 
hr receiver antenna height 
ht transmitter antenna height 
λ wavelength 
d link distance 
The proper equation for use depends on the design solution 
being analyzed.  In either case, notice the presence of the 
antenna gain parameters (Gr and Gt).  Early design analysis 
often treats these variables as constants and derives their values 
from manufacturer data sheets.  As will be demonstrated, these 
are actually macro-level variables worthy of more detailed 
analysis through extensible interactions with the detailed 
design community. 
To a system architect familiar with antennas and RF 
transmission, it may be assumed that a simple whip antenna 
provides an adequate alternative due to its nominally uniform 
coverage and gain.  One of the existing ground vehicles 
available for system integration might be a simple utility 
vehicle.  The conclusion therefore would be to mount a whip 
antenna in an available location on the vehicle.   
To this point, the constraint equations have been relatively 
simple and are suitable for inclusion in executable modeling 
languages such as SysML, however, the architectural choices 
have been made and verified without considering the 
interaction variables that exist between the antenna and the 
vehicle body.  Depending upon factors including frequency of 
operation, antenna mount location, and vehicle material 
properties, the installed antenna performance may be 
dramatically different than the assumed nominal pattern. 
Fig. 4 illustrates the performance of the quarter-wave 
monopole excited at its designed center frequency in the UHF 
band (upper left).  As can be seen, the assumed nominally 
uniform antenna coverage is correct for the antenna in free 
space.  However, once it is installed on the rear corner of the 
truck bed (lower right), the antenna performance changes 
dramatically.  Fig. 5 provides a clear comparison of free space 
antenna vertical polarization gain and on-vehicle antenna 
vertical polarization gain by overlaying data in the form of an 
azimuth cut at θ=90º. 
The installed antenna performance is generally degraded 
and much less uniform.  At some azimuth angles, the gain is 10 
dB less than what was assumed in the high-level design.  This 
level of performance degradation is only valid if the actual 
antenna and chosen install position correspond with the 
assumptions in this detailed design model.  However, if the link 
level equation is used to evaluate this change in predicted gain, 
one finds that all other variables being equal, a 10 dB reduction 
in antenna gain affects system transmission distance by a factor 
of 0.56 using Equation 1.  In other words, if the nominal design 
can transmit successfully at 1 km, the actual design has 
azimuth angles at which it can only transmit 0.56 km.  This 
fails to meet the customer need.  The degradation factor data 
point appears crisp, but since many system design choices have 
yet to be made, the value itself is still somewhat uncertain.  A 
fuzzy mapping can be specified to determine its membership in 
a range of safety factors.  In this case, one might conclude the 
architectural choice of a UHF monopole on vehicle requires the 
incorporation of a safety factor between two and three to ensure 
compliance with the full link distance requirement. Or stated 
differently, the system architect should design for an effective 
link distance of 2-3 km in order to meet the actual 1 km 
requirement. 
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Figure 4.  Monopole antenna pattern in free space (left) and installed (right). 
 
Figure 5.  Comparison of free space and installed far field azimuth pattern. 
A system architect could also use extensible modeling to 
predict compliance with a fuzzy goal.  For instance, one might 
look for antenna designs whose gain doesn’t vary significantly 
with respect to the nominally assumed value.  Clearly, the 
interaction variables between vehicle and antenna must be 
considered.  The impact of this variable must be communicated 
back to the system architect who can appropriately redirect the 
architectural search. 
V. INTERACTIONS BETWEEN MODELS FROM VARIOUS 
ENGINEERING DISCIPLINES 
Heretofore, the focus of this paper has been the vertical 
integration of modeling activities through the concept of 
hierarchical extensibility.  It is important to mention that the 
extensible modeling concept can be used in horizontal fashion 
as well.  At the detailed design level, engineering specialties 
employ customized analysis tools that have been optimized to 
consider specific physical phenomena.  For instance, software 
optimized for calculating mechanical stress is not necessarily 
well suited for analysis of electromagnetic performance.  There 
are certain multi-physics packages that attempt to bridge 
analyses across disciplines, but these are not universally used.  
There appears to be much opportunity for research in the area 
of establishing extensibility between modeling tools from 
various engineering disciplines.  Fig. 6 provides a visualization 
of the relationship between vertical and horizontal extensibility 
within the system engineering performance model view. 
Properly partitioning system variables is critical when 
attempting to employ horizontal extensibility.  Improperly 
decoupling the computational domains will result in misleading 
data that can lead to erroneous conclusions.  Consider the 
coupling between RF transistor gain and junction temperature.  
Each transistor gain stage decreases in power output as its 
junction temperature increases [5].  With a direct linkage 
between thermal and RF properties, it should be apparent to the 
system modeler that a thermal-RF domain partitioning is not 
appropriate.  Because of the interdependencies between RF and 
thermal variables, they should be considered together in the 
same model. 
Now consider a domain partitioning between air vehicle 
wing dynamics and wing-mounted antenna RF performance.  
Wing deflection and flutter can be mechanically modeled based 
on the wing material, stiffness, and flight environment.  The 
performance of the RF system is impacted by wing deflection 
and flutter, vehicle roll, pitch, and yaw, resulting in antenna 
pointing error.  Note, however, that the relationship is strictly 
unidirectional.  Vehicle orientation changes the resultant 
antenna pointing, but intentional antenna pointing does not 
cause vehicle reorientation.  As such, the vehicle orientation 
response models can be executed independently and 
subsequently supplied as conditional cases for RF models. 
Having identified an opportunity for model interfacing, the 
system engineer must determine the quantity and type of data 
to traverse this interface.  If extreme vehicle orientations 
determine the maximum deviation in antenna pointing error 
predictions, only the resultant geometry, not the underlying 
flight mechanics of these conditions, is required as input to the 
RF modeling software.  In this way, the equations of motion 
are no longer required and need not be translated between 
model environments.  If there is reason to believe pointing 
error does not vary monotonically between normal and extreme 
vehicle orientation cases, a greater sampling of orientations 
may be required. 
 
Figure 6.  Horizontal and vertical extensibility in performance modeling. 
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VI. CONCLUSION 
Extensible modeling is a powerful concept that serves to 
bridge the divide between the modeling performed by the 
detailed design community and the alternatives analysis 
modeling performed by system architects and engineers.  The 
case for extensible modeling was presented from the theoretical 
perspective and has been illustrated through the example of a 
wireless communication system for peer-to-peer data exchange 
between ground vehicles.  The critical importance of 
integration and environmental coupling variables drives the 
need for considering more detailed system analysis even when 
the system architect is still considering a multitude of 
alternatives.  A system engineering mindset must accompany 
architectural search using detailed modeling techniques.  The 
goal is not to produce exact performance models since the final 
design of the artifact has yet to be determined.  Instead, the 
technique can be used to identify system sensitivities and 
coupling variables of concern.  Given that the impacts of these 
variables are still somewhat fuzzy, one must communicate 
them effectively so as to more efficiently navigate the 
architectural search space.  The ultimate goal for extensible 
modeling in architectural search is to eliminate the situation 
whereby the system engineer looks at a failed program and 
wonders, if one had known about integration and 
environmental interactions before making architectural choices, 
whether another alternative should have been selected instead. 
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